The Nile Delta major cities, particularly Cairo, experienced stagnant air pollution episodes, known as Black Cloud, every year over the past decade during autumn. Low-elevated thermal inversion layers play a crucial role in intensifying pollution impacts. Carbon monoxide, ozone, atmospheric temperature, water vapor, and methane measurements from the tropospheric emission spectrometer (TES) on board the Aura have been used to assess the dominant component below the inversion layer. In this study, time series analysis, autocorrelations, and cross correlations are performed to gain a better understanding of the connections between those parameters and their local effect. Satellite-based data were obtained for the years 2005-2010. The parameters mentioned were investigated throughout the whole year in order to study the possible episodes that take place in addition to their change from year to year. Ozone and carbon monoxide were the two major indicators to the most basic episodes that occur over Cairo and the Delta region.
Introduction
Identifying the origin (natural versus anthropogenic) and dynamics of aerosols over different regions at varying temporal and spatial scales will provide more knowledge on impacts of aerosols on the regional climate and the ultimate connections to the Earth's global climate system [1] . Over the last decade, aerosols have been studied quantitatively regionally and globally using satellite remote sensing and modeling. Such studies proved to be very useful in climate studies [2, 3] . The Mediterranean basin aerosols originate from a variety of sources, which are either natural (sea salts, desert dust) or anthropogenic (local sources) due to the increasing urbanization and industrialization, as well as longrange transport [4] [5] [6] . At regional scale, the Mediterranean is exposed to air pollution with levels exceeding the typical air-quality standards. This is particularly true for the Delta region, being at the crossroads of different aerosol species originating from local urban-industrial and biomass-burning activities, regional dust sources, and European pollution from the north [7] [8] [9] .
Over the past decade Cairo, Egypt, located at a longitude of 31 ∘ 13 and latitude of 30.2 ∘ , the largest city of Africa and one of the world's megacities with a population of more than 20 million people and more than one third of the national industry, has been suffering from major air pollution problems. Cairo and the Greater Delta region have recorded much higher air pollution episodes as compared to the past few decades. As a result, it is also one of the most air-polluted megacities in the world [10] . This is a normal consequence of Egypt's accelerated economic growth over the past three decades. A growing population has increased the polluting human activities that include fuel combustion, and polluting factories such as in the cement industry that tries to keep up with the needs of the growing population. In addition to the city's economic growth, Cairo's location, 2 Advances in Meteorology topography, and complex climate systems play vital roles in the presence of these episodes [11] [12] [13] . Its location subjects it to blown sand and dust from the western desert (since Egypt is 90% desert), air pollutants transported from Europe, emissions of atmospheric constituents from Africa, and the effect of trade winds that diminish over the Mediterranean during the Black Cloud episodes. It is thought that "black cloud" pollution episodes occur only over Cairo and are due to local emissions. However, it was found that emissions from the surrounding cities and regions are contributing to Cairo's pollution [14] . The low topography of Cairo, bounded by Giza (western highlands) and Mokatam (eastern highlands), confines the pollutants and suppresses the motion of suspended particulates, especially in September through November when wind currents are weak [15] . Hence, wind patterns and humidity influence the behavior of air pollutants and must be considered [12] .
Aerosol sources, types, and trajectories over the Nile Delta are complex and so is its meteorology. The worst air quality conditions over Cairo and its environs occur in the fall season [12, 16] . This high-pollution season is locally referred to as the "black cloud" phenomenon, during which the region suffers from high ambient concentrations of atmospheric pollutants including particulates (PM), carbon monoxide, nitrogen oxides, ozone, and sulfur dioxide [17] [18] [19] [20] . During winter, the climate is generally cold and rainy while hot and dry in the summer; hence, the city witnesses significant climatological impacts on the public health [21] . On the other hand, Alexandria, a Mediterranean city, has a more appealing climate but is the largest industrial city, with ∼55% of the total Egyptian industry. Alexandria suffers from pollution episodes, which are, however, still not as intense as those usually observed over Cairo. It was revealed that Cairo's and Alexandria's aerosols include "background pollution, " "pollution-like, " and "dust-like" components [19, 20] . Generally speaking, Egypt is influenced by the regionalscale trade wind system which is enhanced during the warm season and results in winds over Egypt from the North supported by sea breezes along the Mediterranean coastline [5, 6, 20] . During autumn, aerosols originating from biomass burning from agricultural fields within the Nile Delta add to the area's anthropogenic aerosols and to bigger pollution events.
The published literature attributes the increased pollution levels over Cairo and the Nile Delta region during the black cloud season to emissions from biomass or open burning of agricultural waste and from vehicles, industries, and formation of secondary aerosols [12, 13, [16] [17] [18] [19] [22] [23] [24] [25] [26] [27] [28] . Major contributors to PM10 over Cairo include, mobile source emissions, and open burning, while the PM2.5 tended to be dominated by mobile source emission, open burning, and secondary species [18] . Such episodes of pollution over densely populated cities such as Cairo severely impact public health [21] , with potential adverse consequences, not only for the residents but also for the millions of visitors that tour this region annually, particularly from Europe, North America, and Japan. Identifying correct sources of aerosols is important not only for public health reasons but also for assessing their effect on the regional climate.
It is noteworthy that transport processes on a seasonal scale in the African upper troposphere are driven by Hadley meridional circulation which is strong during winter. In the summer, the pollutant transport is from the east, a result of the Asian monsoon anticyclone in April and May. During Africa's Northern Hemisphere monsoon season, ozone precursors generated from biomass burning in the south are transported to the Intertropical Convergence Zone and they change the composition of Africa's upper troposphere [29] . Smoke or air pollution concentrations are the highest with low wind speeds, low vertical turbulence, temperature inversions, and high humidity [30] . Therefore, it can be seen that the North African/East Mediterranean troposphere is a crossroad to various transport processes both on regional and intercontinental scales. A study on this pollution crossroad showed that pollution generated by Asia can be transported towards Africa by the anticyclone flow of the Asian summer monsoon [29] .
Data and Methodology
Monitoring by new tropospheric satellite sensors is playing an increasingly important role in explaining chemistry and transport processes in the lower atmosphere [31] . Data from the Tropospheric Emission Spectroradiometer (TES) aboard the NASA satellite Aura, have been used in scientific analysis since 2006. The TES was found to be unique in providing multiyear coincident tropospheric profiles of CO, O 3 , and H 2 O. TES retrievals of ozone, temperature, and water vapor were compared to model fields from Global Modeling and Assimilation Office (GMAO). Temperature retrievals from the Atmospheric Infrared Sounder (AIRS), tropospheric ozone columns from Goddard Earth Observing System (GEOS), and ozone retrievals from Total Ozone Monitoring System (TOMS) were also compared and the results showed no biases [32] . In 2007, TES nadir observations were compared with nearly coincident spectral radiance measurements from AIRS on Aqua, and special scanning high-resolution interferometer sounder (SHIS) positively validated these TES measurements [33] . TES data have also been used in studying the effect of the 2006 El Nino over Indonesia [34, 35] . The Atmospheric Chemistry Experiment (ACE) measurements were used, and it was found that the vertical profiles agree with those from the TES [34] . TES transect observations were applied in addition to the TES standard products to study low tropospheric ammonia and methanol over and near Beijing in northeast China [36] . This was the first time that these molecules were detected in space-based nadir viewing measurements penetrating in the lower atmosphere. Ozone concentrations from TES were used to examine the migration of high ozone over the western North Atlantic [37] .
The objective of this paper is to report the results of a study investigating satellite-based TES observations of indicators contributing to air pollution episodes in Cairo, Egypt. TES and the Aura satellite are part of the Earth Observing System (EOS), a coordinated series of polarorbiting and low-inclination satellites [37] . Aura, launched on July 15, 2004, was designed to record lower stratosphere and Advances in Meteorology 3 upper troposphere compositions to study the atmosphere's chemistry and dynamics [38] . Data from the Aura mission are useful when studying ozone trends, air quality, and links to climate change [39] . The TES, an infrared, high-resolution, Fourier Transform spectrometer with a spectral range of 650-3050 cm −1 (3.3-15.4 ) and a spatial resolution of 0.1 cm
nadir viewing and 0.025 cm −1 limb, is designed to measure the global, vertical distribution of tropospheric ozone and its precursors, such as carbon monoxide, with high precision [34] . In cloud-free conditions, the vertical resolution of TES nadir ozone estimates is about 6 km with sensitivity to both the lower and upper tropospheres [40] .
The TES parameters considered in this study are atmospheric temperature (TATM), ozone (O 3 ), carbon monoxide (CO), methane (CH 4 ), and water vapor (H 2 O). CO and ozone are two pollutants used by the US Environmental Protection Agency (EPA) to monitor air quality and are measured globally and simultaneously by the TES instrument [34] . TES data for CO, methane, ozone, atmospheric temperature, and water vapor were collected for study from 2005 to 2010 using the Giovanni website. These unique data sets of vertical estimates of ozone and the key signature of pollution, carbon monoxide are available from TES. Vertical profiles can help in unraveling the processes that have a role in the redistribution of ozone [41] . A time series is first done to see when the highest values of CO, ozone, and methane occur. Data for these specific days corresponding to the high values are then presented in vertical profiles. Units for the values below are in volume mixing ratio (VMR).
TES Data Analysis

Vertical Profiles.
The vertical distribution of ozone is crucial in Earth's atmosphere since the ozone filters out biodamaging ultraviolet (UV) light (wavelength <280 nm) in the stratosphere, acts as a greenhouse gas in the upper troposphere, regulates the oxidation capacity of the lower atmosphere, and affects the air quality for humans and vegetation near the Earth's surface [42] . On the other hand, atmospheric carbon monoxide (CO) distributions are controlled by anthropogenic emissions, biomass burning, transport, and oxidation by reaction with the hydroxyl radical (OH). Hence, vertical profile distributions of CO are important for understanding changes related to all of these contributions [43] . In Figure 1 , the gradient of atmospheric temperature is small. Ozone increases with altitude, perhaps an indication of abnormal conditions or the presence of abrupt temperature changes. In short, there is an absence of the "normal" situation during the summer season. Vertical Profiles for chosen dates, during the Black Cloud episode (OctoberNovember), are shown in Figure 2 .
During the black cloud episode, CO levels indicate the presence of pollution. Levels of CO were also high in the the dust season, March through April. The presence of methane, water vapor, and other greenhouse gases such as carbon dioxide in the Cairo atmosphere heat, the air creates an inversion aloft and conspire to trap pollutants below. Aerosols were found to peak during March and June due to mineral dust, part of the mix transported into Cairo [27] from the Sahara desert.
It is clear from this evidence that meteorological factors, coinciding with Cairo's pollution and heat-island conditions make the analysis a complicated process. However, the available literature leads us into profitable directions: increase in Ozone during the summer is mostly a result of transboundary transport from Europe [44] ; carbon monoxide increases are a result of pollution and the effect of Sahara cyclones (Khamsin) or the Saharan depression that increases dust and aerosols during the same time period [16] . Figures 3 and 4 show the trend of ozone and carbon monoxide levels at four different pressure levels: 100 hPa, 908 hPa, 825 hPa, and 749 hPa over the year 2007.
CO and Ozone Time Series.
Many peaks can be observed throughout the year. Oscillations are clear during February, July-August, and OctoberNovember. Ozone is at its highest levels during the summer season. This is mainly attributed to long range transport from Europe [44] . Recent studies in 3D atmospheric chemistry and transport models suggest that the photochemical ozone formation from biomass burning may be less important than it was indicated in previous studies and that biomass burning may not be the main cause for an increase in tropospheric ozone [45, 46] .
Studying the tropospheric ozone using aerosol index and tropospheric column ozone (TCO) time series, a TCO peak was noted over North Africa in the September through November time period and a minimum during early spring (February and March) [45, 46] . It was found that the photochemical smog occurs during the summer season and VOCs play an important role in the formation of ground level ozone, photochemical oxidants, and smog episodes [47] . In our case, October-November period in Egypt represents the black cloud season when the burning of rice straw increases Cairo's pollution; however, a high aerosol peak is found during Using trajectory analysis and satellite observations from MOPITT CO over the East/Japan Sea (level 2 data with 10% precision for April 2000) for a case study in northeast Asia, it was shown that regional pollution and biomass burning play important roles in raising carbon monoxide concentrations [48] . Figure 5 shows the Aerosol Optical Depth (AOD) obtained from MODIS and the atmospheric temperature Figure 6 shows cross correlations for water vapor and carbon monoxide against ozone, respectively. The cross correlation between ozone and water vapor has 22 out of 351 significant coefficients at a 95% confidence level. The crosscorrelation for ozone and water vapor revealed an anti correlation agreeing with the previous time series analysis of tropospheric ozone and water vapor that are negatively correlated throughout most of the tropics [49] . The rising of the tropospheric air masses associated with convection is a source for the large intertropical seasonal oscillation amplitudes and the anticorrelation measured between tropospheric ozone and water vapor in the tropics. This negative correlation can also be attributed to cloud-lightning NO (which generates ozone) together with transport effects, in addition to the movement of the tropopause as well as to the transport of low water vapor into a region that may increase the lifetime and abundance of ozone [49] . On the other hand, the cross-correlation between carbon monoxide and ozone shows somewhat symmetrical pattern of oscillations occurring approximately every 85 days. Previous studies have shown a significant correlation of carbon monoxide with ozone [48] . However, CO measurements were used to explore the correlation between biomass burning and ozone profiles and it was found that these correlations are rather complicated [50] . Figure 7 shows the cross correlations of night atmospheric temperatures with various measured parameters at a lag of 175 days for the years 2005-2010. Day atmospheric temperature measurements did not coincide with the rest of the parameters, so they were disregarded. Figure 7(a) , shows a time delay between temperature and carbon monoxide (measured from minimum to maximum) of about 100 days and a strong anticorrelation exists at zero lag. There are statistically 35 significant coefficients out of 351 at a 95% confidence level. On the other hand, the relation between atmospheric temperature and ozone shows a more defined pattern than with carbon monoxide, indicating a higher degree of dependence (Figure 7(b) ). This time the significant coefficients are 24 with a 95% confidence level. The concentration of ozone increases to the maximum with an increase in temperature after 40 days. However, the cross correlation between atmospheric temperature and water vapor highlighted that small amounts of water vapor can result in great variations of air temperature [51] . Here, there are 33 significant coefficients at a 95% confidence level. Previous figures showed that water vapor displays a strong oscillation and a seasonal pattern which could be the effect of temperature changes. We found that monthly AOD means are anticorrelated with monthly precipitation, which suggests that precipitation is not only vital in winter aerosol removal processes but also in the accumulation of particles during summer [2, 16] . This is confirmed through a study where the seasonality of surface temperature and of convection, as well as seasonal variations in monsoon circulation, produce associated seasonal changes in water vapor in the troposphere [51] .
HYSPLIT Back Trajectories and MODIS Fire Counts
We Four HYSPLIT back trajectories were generated, each representing a season. Three altitudes were considered, 500 m, 700 m, and 900 m. Low altitudes below 1 km were used because it was found that anthropogenic pollutants during September, October, and November are found at low altitudes [52] . A corresponding wind rose at 950 mb was added to show the dominant wind direction for 6 hours for further investigation.
The back trajectories of the major months having episodes occurring are studied using a one-day back trajectory (Figure 8 ). The air mass back trajectories are done at three different heights to locate the vertical extent of the different contributions in the pollution during air pollution episodes [52] . We assume that at these heights an inversion layer may appear to take place since anthropogenic pollutants occurring especially in mid-October and November hang at low altitudes. The presence of inversion layers traps the pollutants at a low elevation causing them to increase in concentration [52] . This causes the haze that can be seen hovering over Cairo during the black cloud episode.
During the second half of the year, the wind speed is less as can be seen from the wind rose in July and November. Thus, weaker convection would favor aerosol accumulation. This coincides with the increase of ozone during the summer and the increase of CO during autumn. Fire counts from MODIS in Figure 9 show the highest values are during the months of the black cloud episode, September, October, and November over a period of 7 years. A closer look showed the highest activity to have occurred during the years 2006 and 2007 [26] . The timing was found to coincide with the practicing of burning open field wastes, during September till November. Details on this can be found in Marey et al., 2010 [26] .
Results and Discussion
In addition to Cairo's economic growth, its location, topography, and complex climate systems play vital roles in the presence of black cloud episodes. Its location subjects it to blown sand and dust storms from the western desert (since Egypt is 90% desert), transformation of air pollutants from Europe, emissions of atmospheric constituents from Africa, and the effect of trade winds diminishing over the Mediterranean during black cloud periods. The topography of Cairo city, between the eastern and the western highlands, blocks the pollutants and suppresses the motion of the suspended particulates, especially from September through November when wind currents are weak. In winter, transport processes in the African upper troposphere are driven by the strong winter Hadley Meridional circulation. Wind and humidity are two factors that influence the behavior of air pollutants.
In summer, the effect of wind and humidity is from the east and the Asian monsoon anticyclone. During Africa's Northern Hemisphere April-May monsoon, ozone precursors generated from biomass burning in the south are transported to the Intertropical Convergence Zone and affect the composition of Africa's upper troposphere [29] . Smoke or air pollution concentrations are highest with low wind Figure 5 : Time series for (a) aerosol optical depth measurements generated using MODIS data and (b) atmospheric temperature at 908 hPa generated using TES data. speeds, low vertical turbulence, temperature inversions, and high humidity [30] . Therefore, it can be seen that the North African/East Mediterranean troposphere is a crossroad to various transport processes on both regional and intercontinental scales. A study on this pollution crossroad showed that pollution generated by Asia can be transported towards Africa by the anticyclone flow of the Asian summer monsoon [29] . During winter, and especially in the month of February, dust emissions have been linked to Saharan cyclones and may contribute to the total dust load over West and North Africa [53, 54] . It was also found that February is one of the months where dust observations are very high and oscillations in various parameters have been found [20] . Meteorological data were used in the HYSPLIT model to identify the sources of the peak of these different parameters by performing back trajectories. Forward trajectories assessed the fate of this pollution for specific dates of interest.
The climatic origins of different black cloud episodes over Cairo are identified. Peaks of carbon monoxide occur during the March and April dust events from the western desert. However, AOD in the northern hemisphere is at a maximum from April to August and diminishes in December [55] . Perturbations such as these are usually the result of either wildfires or biomass burning confirming that biomass burning is a serious cause of these perturbations [55] .
During summer, especially June, ozone concentrations are high where Europe's pollution contributes to Cairo's Advances in Meteorology   9   500  450  400  350  300  250  200  150  100  50  0  2  3  4  5  6  7  8  9 10 air pollution through global transport processes, most of which is transported south at low altitudes in the summer to the Mediterranean Sea, North Africa, and the Near East [44] . It was found that in 1994, the long-range or transboundary transport of ozone originating in Europe caused the ozone concentrations over the countries bordering the Mediterranean Sea to exceed the European standard and contributed to a monthly mean of 5-20 ppbv ozone [44] . The long range transported pollutants contributed to the pollution violations occurring from March to October in the Mediterranean region and at least 10 violations over Egypt, including the heavily populated Nile River Valley [42] . Additional pollution violations for health occur almost every day during the months of June, July, and August over heavily populated regions in North Africa and the near east. Finally, during September and October, Cairo experiences black cloud peaks of ozone. Many local factors contribute to the deterioration of Cairo's air quality, including natural sources from inland deserts and anthropogenic sources such as vehicles, power plants, open air waste burning, and the cement industry [16] . It was argued that the main contributing factor to the black cloud pollution is the burning of agricultural waste during the fall season [16] .
Conclusions
The following conclusions are made (1) Data on air pollution levels of various atmospheric pollutants, greenhouse gases and parameters are available at no cost through various atmospheric and air pollution satellites. Analysis and interpretation of these data can provide very useful information and conclusions regarding atmospheric dynamics and aerosols in the atmosphere.
(2) Performing autocorrelations, cross correlations, and backward and forward trajectories helps clarify the weather pattern of a specific location.
(3) Cairo's topography of the Delta region contributes to the stagnant air that enhances air pollution episodes. of ozone are a result of trans-boundary transportation of ozone from Europe. (7) September and October are well known for the appearance of the "black cloud" episode. Most researchers argue that the primary source of these episodes is biomass burning caused specifically from the burning of rice straw after the rice harvesting season.
